S1. Methodology

S1.1 Computational detail
For dataset construction, we performed spin-polarized PBE+U 1, 2 calculations and PAW 3 -PBE pseudopotentials as implemented in the ab initio package, VASP, 4 and we used 3.9 as U-value for Mn taken from Materials Project. 5 We relaxed both atomic positions and unit cell parameters using conjugate gradient descent method with convergence criteria of 1.0e-5 for energy and 0.05 for force with 500 cut-off energy. To consider computational /Å efficiency, Brillouin zone is used with k-point densities at or larger than 500 k-points per atoms using the Pymatgen package. 6 Duplicates for the converged structures are removed using the StructureMatcher function implemented in Pymatgen package. 6 After passing tier 1, we performed the latter computations with dense k-space (i.e. Brillouin zone with k-point densities at or larger than 1000 k-points per atoms using the Pymatgen package 6 ). To compute the energy above the convex hull, we followed GGA/GGA+U mixed approach proposed by A. Jain et al 7 .
In the latter approach, the energy of all GGA+U 1, 2 calculations is corrected by equation S1.
(S1)
In equation (S1), is the GGA+U energy for Mn, O compound and is the + . , number of Mn atoms in the compound. Here, our target is to obtain a correction term for ∆ Mn. In addition, we included an O 2 energy correction term (equation S2) taken from the MP database for the energy.
( 2 ) . =-1.4046 / 2 After a simple rearrangement using equation (S1), the correction energy for atom is then obtained using equation (S3).
In equation ( 
S1.2 Band gap calculations
We performed HSE 8 hybrid DFT functional implemented in VASP 4 with a mixing parameter of 0.2. For computational efficiency, a uniform reduction factor for the q-point grid of the exact exchange potential is applied (NKRED = 2) with gamma centered even number k-points (with a k-point densities at or larger than 1000 k-points per atoms).
S1.3 Band-level alignment with respect to vacuum
The band alignment of water redox potential for the Mg 2 MnO 4 -a with respect to vacuum were calculated with the surface PBE+U 1, 2 slab computations assuming ferromagnetic ordering of initial spin state for simplicity. All the surface slabs are constructed from the workflow implemented in the Pymatgen, 6, 9 and 1.5nm vacuum is applied. Following the previous work, 10, 11 we only consider low Miller index ( ) where the maximum value is 1, and non-polar ℎ, , surfaces since those surfaces are typically lowest energy. The surface energy of the computed slabs are defined as where is the total energy of slab, is the = -2 total energy of bulk with same number of atoms, and is the surface area. In main text, we only reported the results of most stable surface configuration, <110>.
S1.4 Experimental details
The synthesis proceeded in a custom combinatorial sputter deposition system 12 (Kurt J. Lesker PVD75) with Mg and Mn sources (elemental metal targets) operated at 110 W and 120 W, respectively, in an atmosphere of 0.016 Pa O 2 and 0.784 Pa Ar. The annealing proceeded in a box oven (Thermo, Lindberg Blue M) with flowing air. X-ray diffraction patterns were measured at beamline 1-5 at the Stanford Synchrotron Radiation Laboratory using a combinatorial diffraction instrument described previously. 13 A monochromated 13 keV source with a 1 mm 2 footprint was used with a Princeton Quad-RO 4320 detector in reflection scattering geometry. Diffraction images were processed into XRD patterns using WxDiff software. 14 XRF measurements were performed on an EDAX Orbis Micro-XRF system and analyzed via comparison with thin film standards for both Mg and Mn, with data processing performed in the thin film limit without considering matrix effects. Photoelectrochemistry was performed using a high throughput scanning drop cell 15 with toggled illumination from a 385 nm light emitting diode (ThorLabs M385F1, 820 mW cm -2 ) and additional details described previously 16 . XRD characterization of the as-synthesized Mg-Mn oxide library is summarized in Fig. S2 and reveals the presence of a phase-pure cubic Mg 2 MnO 4 -a structure at Mn-rich compositions range from 0.48 to 0.62, and an increasing of lattice constant as more Mn alloying in cubic Mg 2 MnO 4 structure. It also reveals a phase mixture with the cubic Mg 6 MnO 8 structure at Mn concentration below 0.48 and a phase transformation to tetragonal MgMn 2 O 4 structure at Mn concentration beyond 0.62. Phase pure Mg 6 MnO 8 is observed at Mg-rich compositions and is also found to be photoactive, although those results are not pertinent to the present prediction and validation of Mg 2 MnO 4 -a as a photoanode. Since a phase mixture with this phase is observed at the target composition, the phase(s) responsible for the photoactivity at this composition cannot be determined. While using a Mn-rich alloy of the predicted compound is not ideal for validating the prediciton, the synthesis of thin films suitable for PEC characterization yield this alloy phase behavior and necessitate the use of the Mn-rich composition to ensure photoactivity from the structure of interest.
S1.5 XRD and PEC analysis details
Fig. S3
Pourbaix diagram generated form the Materials Project for the composition Mg 0.5 Mn 0.5 with 1.E-8 M of metal species for both elements. 16 Near OER potential at pH 10, the thermodynamically stable phases are MnO 2 (solid) and Mg +2 (aq).
XRF analysis was performed on the sample from Fig. 4 before and after (photo)electrochemistry as well as a duplicate sample before and after exposure to the same electrolyte for the same duration but held under open circuit. For both of these films, 0.75 ± 0.05 nmol mm -2 of Mg dissolved into electrolyte. At pH 10, Pourbaix analysis indicates that Mg may dissolve as Mg +2 over a large potential range, which is consistent with the chemical dissolution of Mg and corresponds to electrochemical or photoelectrochemical dissolution of Mg. The extent of Mg corrosion is consistent with the formation of a 13 nm-thick passivation layer of MnO 2 , which is similar to the dissolution of V and formation of CuO passivayion layer in copper vanadate photoanodes. 17 This passivation layer may also serve as a cocatalyst during photoanode operation. While negligible Mn loss of 0.02 ± 0.05 nmol mm -2 was observed in the chemical exposure to electrolyte, 0.12 ± 0.05 nmol mm -2 of Mn loss was observed after the PEC expeirment of Fig. 4 , indicating some (photo)electrochemical corrosion that is likely due to the CV scanning of potential up to 1.73 V vs RHE. Study of potential-dependent corrosion and passivation will be required for further development of this photoanode, and for the present purposes we note that this Mn dissolution is more than 10 times smaller than the net anodic charge (1.4 nmol mm -2 of e -), indicating that the photoanodic current has no substantial contribution from photocorrosion. Fig. 2 in the main text, bold means materials obtained from tier 3 and red color means materials obtained from tier 4 as shown in Fig. 3 in the main text. We also listed original MP-id used in this work, and element changed to Mg for elemental substitution process. Among the listed 33 Ca-Mn-O as shown in Fig. 2 in the main text, bold means materials obtained from tier 3 and blue color means materials obtained from tier 4 as shown in Fig. 3 in the main text. We listed original MP-id used in this work, and element changed to Ca for elemental substitution process. We note that Ca 2 Mn 3 O 8 materials marked as yellow is the most stable alkaline-based Mn-O material taken from ref 16 . 
S2. Dataset construction
